Porcine reproductive and respiratory syndrome (PRRS) is 1 of the most economically important diseases of swine. Detection of the etiologic agent, PRRS virus (PRRSV), represents a diagnostic challenge due to the heterogeneity of field isolates as well as the propensity for swine to develop persistent infection in which virus is difficult to detect. Recently European (EU) lineage PRRSV isolates, which are genetically divergent from North American (NA) isolates, have been introduced into NA swine further complicating efforts to diagnose this disease. In this study, real-time (TaqMan) reverse transcriptase (RT)-PCR assays were developed for multiplex detection, differentiation, and quantification of NA and EU PRRSV field isolates. Oligonucleotide primers and dual-labeled probes were selected from conserved regions of open-reading frame 7 and the 3Ј-untranslated region. The real-time RT-PCR assays described for the NA or EU genotype of PRRSV detected viral RNA from 83/83 strains (74 NA; 9 EU) previously isolated by cell culture between 1992 and 2003. The analytical sensitivity of both assays was consistently found to be less than a single TCID 50 , which corresponded to 5-10 RNA molecules, and was not significantly reduced when the reactions were performed in a multiplex format. When performing multiplex reactions, sensitive detection was possible even when 1 viral RNA concentration was up to 5,000-fold higher than the second. The diagnostic sensitivity and specificity of the multiplex reaction was found to be at a minimum equivalent to that of both nested RT-PCR and virus isolation.
Porcine reproductive and respiratory syndrome (PRRS) is an important economic problem for swine producers worldwide. The etiologic agent is PRRS virus (PRRSV), 6, 23 an enveloped, positive-stranded RNA virus that belongs in the Arteriviridae family, order Nidovirales. Considerable genomic diversity is present both among North American (NA) strains of PRRSV and between NA and European (EU) strains. 3, 10, 14, 17 Diagnosis of PRRSV has typically been accomplished by serological methods along with techniques that detect the presence of virus, viral proteins, or viral RNA such as virus isolation, immunohistochemistry, or reverse transcriptase (RT)-PCR. 15, 26 An important drawback to cellculture based viral detection is that this methodology is slow, often requiring 7-14 days for completion. In addition, virus isolation for some field strains and diagnostic samples is difficult, and this results in low diagnostic sensitivity. 15 Numerous reports have described the use of standard, gel elec- trophoresis-based RT-PCR for diagnosis of PRRSV, 5, 9, [20] [21] [22] 1 of which simultaneously detects NA and EU PRRSV strains. 8 When comparing detection methods, RT-PCR has routinely detected PRRSV in more samples and at later times postinfection than virus isolation. 4, 12 However, to achieve optimal analytical and diagnostic sensitivity many RT-PCR assays use a ''nested'' (2-round) amplification strategy 5,22 that increases the time required for sample analysis and provides the potential for cross-contamination and false-positive results.
Viral quantification often provides valuable information both in viral diagnostics and pathogenesis research. In recent years, real-time RT-PCR and PCR assays have been developed for use in detection, quantification, and diagnosis of viral pathogens. This approach allows rapid quantification of target RNA or DNA in a single tube, has enhanced assay specificity, and allows simultaneous detection of multiple targets without the need to have amplification products of different sizes. In addition, postamplification analysis that reduces sample handling is automated, and real-time assays are a ''closed-tube system,'' thus reducing the risk of contamination, which is an important cause of false-positive results. 13, 24 The values derived from quantitative PCR and RT-PCR assays allow accurate estimation of pathogen load in clinical cases, although clinical and diagnostic experience plus future experimental work will be required to determine the significance of pathogen load assessment for PRRSV and other viruses of veterinary importance. For use in molecular diagnostic assays, the primary disadvantage of real-time RT-PCR for detection of viral RNA lies in the need for relatively advanced and expensive equipment. In addition, standard RT-PCR assays must typically be redesigned, and thus revalidated, before use in a real-time, quantitative format.
For NA PRRSV isolates, MARC-145 cells were used for virus isolation and quantification as described previously. 12 European PRRSV isolates were isolated on primary porcine alveolar macrophage (PAM) cultures as described previously. 15 Extraction of RNA from diagnostic submissions, virus isolates, or serum samples collected from experimentally inoculated piglets was performed using either Trizol a or the Qiagen viral RNA kit b according to the manufacturer's instructions. Quantitative (TaqMan) RT-PCR amplification of RNA was performed in triplicate using the Qiagen QuantiTect Probe RT-PCR kit, b with thermocycling and detection performed in a Stratagene Mx4000 c using thermocycling conditions described previously. 11 Oligonucleotide primers and probes for real-time RT-PCR were selected from conserved regions of the PRRSV genomes based on nucleotide alignments, generated by MegAlign d (version 5.01) of all available sequences in the public domain databases (data not shown). The oligonucleotide primers and dual-labeled probe e used for amplification of NA PRRSV were 5Ј-AT-GATGRGCTGGCATTCT-3Ј (forward1); 5Ј-ATRATGRGC-TGGCATTCC-3Ј (forward2); 5Ј-ACACGGTCGCCCTAAT-TG-3Ј (reverse); and 5Ј-HEX-TGTGGTGAATGGCACTG-ATTGACA-BHQ2-3Ј (dual-labeled probe), which correspond to base pair positions 15,257-15,274, 15,353-15,370, and 15,307-15,330 of the US prototype strain VR-2332 (GenBank accession number U87392), respectively, and amplified a 114-bp fragment from the 3Ј end of the nucleocapsid gene (ORF 7) and the 3Ј-untranslated region. The oligonucleotide primers and dual-labeled probe used for amplification of EU PRRSV were 5Ј-GCACCACCTCA-CCCAGAC-3Ј (forward); 5Ј-CAGTTCCTGCGCCTTGAT-3Ј (reverse); and 5Ј-6-FAM-CCTCTGCTTGCAATCGATC-CAGAC-BHQ1-3Ј (dual-labeled probe), which correspond to base pair positions 14,792-14,809, 14,851-14,868, and 14,819-14,842 of the EU prototype strain Lelystad (Gen-Bank accession number M96262), respectively, and amplified a 77-bp fragment from ORF 7. For each assay the forward and reverse primers were used at final concentrations of 0.3 M (each), and the dual-labeled probes were used at final concentrations of 0.2 M (each). Heterologous competitor RNA was prepared and quantified as described previously. 11 Standard nested RT-PCR (nRT-PCR) amplification for the detection of NA PRRSV was performed using primers described previously. 5 Negative control reactions, in which RNA extracted from PRRSV-negative swine tissues or serum was added as template to the RT-PCR reaction mixture, did not produce a signal for any of the quantitative assays.
The ability to detect NA or EU PRRSV RNA in a multiplex assay format was assessed by comparing amplification curves of reactions performed with either a single set of oligonucleotide primers and probes (i.e., single reaction) or with 2 sets of oligonucleotide primers and dual-labeled probes (i.e., multiplex reaction). RNA purified from serial 10-fold dilutions of viral stocks was amplified for NA and EU PRRSV ( Fig. 1A, 1B , respectively). Representative experiments are shown for samples run in triplicate. In general, overlapping amplification curves were produced and cycle threshold (C T ) values did not change. For the final 2 dilutions of EU PRRSV, C T values for the multiplex reaction were increased by a value of Յ1 cycle compared with the single reaction.
To assess the sensitivity of the multiplex quantitative RT-PCR (qRT-PCR) assays, serial 10-fold dilutions of virus 11 the copy number detected was calculated for each positive qRT-PCR reaction. Field isolates of PRRSV collected between 1992 and 2003 were used to assess the ability of the multiplex qRT-PCR assay to detect a broad range of PRRSV strains. The NA and EU PRRSV isolates were obtained from collections of the authors' 2 laboratories. Aliquots of extracted RNA for 7 EU PRRSV strains isolated from NA swine were obtained from another laboratory. f For the NA PRRSV assay, a total of 74 field strains that were detected by virus isolation were also positive by qRT-PCR. North American PRRSV isolates tested included the prototype strain VR-2332, as well as its attenuated vaccine derivative IngelVac MLV, and the IngelVac ATP vaccine strain. For the EU PRRSV assay, a total of 9 field strains that were detected by virus isolation were positive by the qRT-PCR assay. European PRRSV strains tested included the prototype Lelystad isolate plus 8 US field isolates. For both NA and EU PRRSV isolates, all field and vaccine strains identified by virus isolation in MARC-145 or PAM culture were also found to be positive by either the NA or EU PRRSV quantitative assay, giving both assays an analytical sensitivity of 100% compared with virus isolation.
To assess assay specificity, RNA or DNA purified from lung and lymphoid tissues of a PRRSV-seronegative pig were amplified in the multiplex qRT-PCR assay and found to be negative. In addition, RNA and DNA purified from MARC-145 cells, cultured PAMs, swine influenza A virus (H1N1 and H3N2 strains), porcine circovirus type 1, porcine circovirus type 2, porcine respiratory coronavirus, transmissible gastroenteritis virus, vesicular stomatitis virus (Indiana and New Jersey strains), porcine parvovirus, porcine enterovirus, porcine encephalomyocarditis virus, bovine viral diarrhea virus types 1 and 2, Mycoplasma spp., or Mycoplasma hyopneumoniae were amplified in the multiplex qRT-PCR assay and found to be negative.
The diagnostic performance of the NA PRRSV qRT-PCR assay was compared with nRT-PCR using 149 RNA samples purified from clinical samples (swine serum or tissue samples) ( Table 2 ). The diagnostic sensitivity of the qRT-PCR was found to be 100% and the specificity was found to be 97.5% compared with nRT-PCR. For the 2 samples that were positive by qRT-PCR yet negative by nRT-PCR, a second RNA extraction was performed and found to be positive when retested by qRT-PCR for NA PRRSV but not by nRT-PCR, indicating that these results may be true positives rather than false positives and thus that qRT-PCR may be somewhat more sensitive than nRT-PCR. All 149 RNA samples tested were negative for EU PRRSV.
The diagnostic performance of the multiplex qRT-PCR assay was also compared with nRT-PCR and virus isolation using samples collected after experimental inoculation of 14day-old piglets seronegative for PRRSV with 1 of 2 virulent strains of NA PRRSV ( Table 3 ). The piglets were obtained from a PRRSV-negative commercial herd and inoculated oronasally with 10 5.0 TCID 50 of PRRSV or sham inoculated with cell culture media on day 0. The PRRSV field isolates used, both of which were made from clinical samples submitted to the University of Missouri Veterinary Medical Diagnostic Laboratory, were passaged 3-4 times in MARC-145 cells to prepare viral stocks after the initial isolation. Rectal temperature and clinical signs of respiratory disease were evaluated daily. By 5-10 days postinoculation (pi) elevated rectal temperatures and clinical signs of respiratory disease were observed in inoculated piglets and ELISA g S: P ratios Ͼ0.4 were detected from serum of inoculated piglets. Control (sham-inoculated) piglets remained clinically normal, did not have elevated rectal temperatures, and did not seroconvert to PRRSV. Serum collected from all control (sham-inoculated) piglets at days 1, 2, and 3 pi were negative by virus isolation, multiplex qRT-PCR, and nRT-PCR. For inoculated piglets, viral RNA was detected in serum at 1, 2, and 3 days pi. Virus isolation for PRRSV was also positive as early as 1 day pi. The diagnostic sensitivity of qRT-PCR was found to be 100% and the specificity was found to be 96.6% compared with virus isolation (Table 4 ). For the sample that was positive by qRT-PCR yet negative by virus isolation (Table 3; animal No. 14, day 1 pi), a second RNA extraction was performed and found to be positive when retested by both qRT-PCR and nRT-PCR, suggesting that these results were true positives rather than false posi-tives. When comparing NA PRRSV qRT-PCR and nRT-PCR for these samples, there was 100% agreement of results.
The ability to simultaneously detect 2 viral RNA targets was assessed by performing multiplex reactions with the target viral RNA in reaction mixtures containing approximately 5, 50, 500, or 5,000-fold lower concentrations of the second viral RNA target ( Fig. 2A, 2B) . Representative experiments are shown for samples run in triplicate. In the reaction mixtures containing high levels of NA PRRSV RNA and decreasing concentrations of EU PRRSV RNA ( Fig. 2A) , the C T values generated with simultaneous detection of 2 viral RNA targets were increased by Յ1, cycle and the amplitude of the amplification curves was slightly reduced compared with reactions that did not contain an excess of NA PRRSV. For the reaction mixtures containing high levels of EU PRRSV RNA and decreasing concentrations of NA PRRSV RNA (Fig. 2B) , the C T values generated for simultaneous detection were only increased at the final dilution of NA PRRSV viral RNA, although slight decreases in the amplitude of the curves were observed for each dilution.
The objective of this study was to develop a multiplex, quantitative real-time RT-PCR assay for simultaneous detection and differentiation of NA and EU PRRSV field isolates. Detection of PRRSV infection of swine represents a diagnostic challenge primarily due to the genomic heterogeneity of field isolates, the low diagnostic sensitivity of virus isolation of field isolates, and the propensity for acutely infected swine to subsequently develop a persistent viral infection characterized by a lack of viremia and low tissue viral titers. 1, 2, 4, 25 An additional challenge for PRRSV detection derives from the recent introduction of EU lineage PRRSV isolates into NA swine herds. 17 In Europe, natural dual infection of swine with both NA and EU PRRSV strains has been documented, 16 emphasizing the need for simultaneous detection of both NA and EU strains along with the ability to distinguish 1 lineage of PRRSV from the other.
In this report, it was demonstrated that the multiplex qRT-PCR assays described had analytical and diagnostic sensitivity for NA PRRSV equivalent to a widely used nRT-PCR targeted to ORF 7. 5 In addition, the sensitivity and specificity of the real-time assays were equivalent to virus isolation when testing serum samples collected at early times postinoculation from experimentally infected piglets. The limit of detection of the multiplex, real-time assays was routinely below a single TCID 50 , which was most likely attributable to both the presence of defective interfering particles and the replication strategy of arteriviruses in which 3Ј-coterminal nested subgenomic RNA molecules are generated. 18 In an earlier study, sybr green I detection was used for NA or EU PRRSV amplification with primers previously reported for standard RT-PCR assays; however, no comparisons were made with either gel-based detection after standard RT-PCR or with virus isolation. 19 A second study has described real-time, quantitative (TaqMan) RT-PCR detection of NA and EU PRRSV strains. 7 In this assay, a single primer pair was described for the amplification, and 2 probes were used to differentiate the strains present. However, this study was not validated with US field strains of NA PRRSV or with EU strains of US origin. Comparison of the reverse primer sequence from this previous report to sequence data of NA isolates by nucleotide sequence alignment (data not shown) demonstrates that mismatches are present, some involving the critical 3Ј base of the primer. For the assays described herein, at most a single base mismatch was identified by alignment, for both the NA and EU assay, and none of these involved the 3Ј end.
In summary, a sensitive multiplex qRT-PCR assay was developed for simultaneous detection and differentiation of NA and EU PRRSV strains. Detection of less than a single TCID 50 was routinely achieved, and it was demonstrated that analytical sensitivity was minimally affected by the use of 2 sets of oligonucleotide primers and 2 dual-labeled probes. Furthermore, RNA from both strains could be quantitatively detected even when 1 strain was present in 5,000-fold higher concentrations than the second. It is envisioned that this multiplex assay will allow sensitive, robust detection of diverse NA and EU PRRSV field strains for both experimental and diagnostic applications.
